The grid cell network in the MEC has been subject to thorough testing and analysis, and many theories 1 for their formation have been suggested. To test some of these theories we re-analyzed data from 2 Bonnevie et al. (2013) , in which the hippocampus was inactivated and grid cells were recorded in the 3 MEC, to investigate whether the firing associations of grid cells depend on hippocampal inputs. 4
analyzed in their entirety, for runs during inactivation we used only the time period starting at 15 30 minutes or later, up to 45 minutes, during which the most data were available across all recordings. The 31 analysis showed similar effects on grid behavior in longer trials as in the first 45 minutes; the average 32 grid score was -0.063±0.193 for the first 15-45 minutes and -0.051±0.180 for the remainder minutes. 33 We searched for evidence of network activity between grid cells in the absence of hippocampal input. 34
Consequently, we examined spike time correlations and spatial firing correlations between 35 simultaneously recorded cells whose gridness were high under normal conditions, but deteriorated 36 during hippocampal inactivation ( Figure 1D, 1E ). To select only cells with significant gridness before 37 inactivation and minimal gridness during inactivation, we used a minimum grid score threshold of 0.5 38 pre inactivation, and maximum of 0.2 during inactivation. Doing the same analysis with different 39 thresholds, ranging from 0.2 to 0.9 pre inactivation, and 0 to 0.4 during inactivation, did not change the 40 central finding of the analysis, showing persistence of temporal correlations between cell pairs during3
The mean grid score of the selected cells was 0.92±0.24 pre-inactivation and -0.30±0.24 during 43 inactivation. Additionally, to ensure that the same cell was not recorded on different electrodes, we 44 removed any cells from a single recording session whose individual spike times overlapped within a 1 ms 45 window more than 5% of the time (this mostly removed cases with very large overlap that were 46 suspected as originating from the same cell on different tetrodes). The mean spike overlap after 47 exclusion was 0.57%±0.65 of the total spike strain. In total, 45 of 301 cells from 17 of 41 recording 48 sessions met our criteria ( Figure 1D ), producing 107 pairs of simultaneously recorded cells, on which the 49 results of this study are based. In our cohort, firing rates decreased by 50.0% during inactivation, and 50 returned to 90.5% of original levels post-inactivation (pre 1.1Hz±0.90, during 2.00Hz±1.16, and post 51 2.00Hz±1.16). However, overall, neither the firing rate, nor the grid score seemed to correlate to 52 temporal or spatial correlations both pre and during inactivation ( Temporal correlations are maintained during loss of gridness
55
We found that several simultaneously recorded grid cell pairs consistently maintained temporal 56 correlations even as their gridness deteriorated (Figure 2A, 2B ). Compared to random shuffling (n=1000, 57 α=0.01), these correlations were statistically significant; 57%, 26%, and 53% of correlations passed the 58 shuffling significance test pre-, during, and post-inactivation, respectively. Of the statistically significant 59 correlations, 41%, 8%, and 27% were negative for the three respective recording phases, while 16%, 60 19%, and 22% were positive. Temporal correlations pre-vs. during inactivation were correlated at r=0.57 61 of temporal correlations pre-vs. during for each cell from our cohort against each cell not from the 67 same recording session (1854 pairs total) was r = -0.03 (P=0.21). 68
Spatial correlations are maintained during loss of gridness
69
To examine whether short-range spatial correlations were maintained also during hippocampal 70 inactivation, we employed a similar method, which compared the correlation coefficient of the 2D firing 71 rate maps at the same position (x,y = 0,0). Overall, spatial correlations did not persist as consistently as4 present between simultaneously recorded cell pairs. Spatial correlations were correlated to each other 74 pre-inactivation vs. during inactivation at r=0.34 ( Figure 3C , P<0.001), while pre-vs. post-spatial 75 correlations were correlated at r=0.88 ( Figure 3C , P<0.001). For a control comparison, the correlation 76 coefficient of spatial correlations pre-vs. during inactivation for each cell from our cohort correlated 77 against each other cell not from the same recording session, was lower (r = 0.10, P<0.001). The shuffling 78 significance test (n=1000, α=0.01) found that 30%, 7%, and 22% of spatial correlations were significant 79 pre-, during, and post-inactivation, respectively. Of the correlations, 18%, 1%, and 6% were negatively 80 significant for all three recording phases, respectively, while 12%, 6%, and 13% were positive (Figure  81 3B,D). We note though that the amount of cell pairs was significantly lower during inactivation (χ2=12.2, 82 P<0.001). The angular direction of the nearest peak in the spatial correlations was not maintained 83 Figure 4A depicts an example of these grid-turned headtemporal correlations pre-and during inactivation, non-head direction pairs were more correlated at 106 r=0.71, than the head direction pairs at r=0.52, though both were correlations were significant p<0.01 107 ( Figure 4D ). For spatial correlations, pre-inactivation compared to during inactivation, had a correlation 108 coefficient of r=0.46 p<0.01 in the non-head directional cluster, and r=0.22 in the head direction cluster, 109 though this latter correlation was not significant with p=0.19 ( Figure 4D ). In conclusion, while spatial 110 correlations were probably less persistent in grid-turned head direction cells, temporal correlations 111 persisted similarly in both, regular and grid-turned-head direction cells during hippocampal inactivation. 112
There did seem to be a bias in the tuning angle for the grid turned head direction cells whose average 113 was 37.0°±3.5 during inactivation, which was also seen in the rest of the cells in the population, whose 114
Rayleigh Score was also above the same threshold of 0.4 pre and during inactivation. In addition to the evidence of network coordination, we found that the distinct subset of cells that 147 became head direction-tuned during inactivation, maintained temporal but not spatial correlations 148 during hippocampal inactivation. Interestingly, the head-direction selectivity of these cells was very 149 biased ( Fig. 4E) , consistent with the observation of the remaining temporal correlations. This subset of 150 grid-turned-head-direction cells is likely defined by strong input from the retrosplenial cortex, or the 151 pre-or para-subiculum, which also project into the MEC, and which dominate these cells' spatial tuning 152 and firing time synchronization in the absence of input from the hippocampus (Clark & Taube, 2012) . 153
Because the conjunctive grid-head direction cells originated from recordings that did not contain pure 154 grid cells, we did not observe direct evidence of a temporal correlation between grid cells that became 155 head-direction cells and those that did not. Notably, both groups were similar in their temporal 156 correlation values before and during inactivation, regardless of their differences in spatial correlations. 157
This suggests that despite receiving additional spatial input, the grid cells that became head-direction 158 cells were part of the grid-cell network. firing fields for calculating the anulus using the above method were set to a default grid score of 0. 210 Typical grid cell activity was manifested as equidistant firing fields at 60° intervals from each other. 211
The final step in calculating the grid score was to create a ring around the center of the smoothed 212 autocorrelation (2D Gaussian smoothing with σ=2), with an inner radius small enough to contain the 213 innermost firing field, and the outer radius large enough to contain the outermost edge of the sixth 214 closest field. Next, the ring was rotated 60° and correlated to the original (using a normalized 215 correlation, accounting for empty matrix values as described above). This value was then subtracted by 216 the value of the ring correlated at a 30° rotation. show the cells from the total population that were ultimately included in the study meeting the minimum and maximum grid score threshold pre and during respectively (green), as well as the additional criteria specified in the Methods section (note that cells whose grid scores could not be calculated were set to 0). (E) Grid score pre-and post-inactivation of the cells included in the study. in our cohort, highlighted by significance, pre-(top) and during inactivation (bottom) with correlation coefficient (r) and p-value (p). The legend shows temporal significance followed by spatial significance, with either being significant (sig) or non-significant (non), i.e. 'non sig' implies the temporal correlation was non-significant and the spatial correlation was significant. Here the spatial firing rate maps of two sells are spatially cross correlated and the angle between the closest firing field to the center-most firing field is calculated. The first column shows scatter plots of the angle pre and during inactivation, and pre and post activation, including correlation using circular statistics (r) and corresponding p-value (p). The second column shows the difference in angle between two sessions for each cell pair, pre vs during, and pre vs post, y axis shows the angle difference, x axis the pair number (note the difference angles are sorted in ascending order, consequently the x axis only represents the pair number with respect to its own plot, not both). All angles are in degrees. 
